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I. INTRODUCTION
A quantum theory of gravity that is a viable description of the microscopic dynamics of our universe must include dynamical matter degrees of freedom. Nevertheless, matter is often ignored in quantum gravity, or not included in a fully dynamical way. While this could result in a self-consistent quantum theory of gravity, it is not clear whether it can yield a model of quantum gravity applicable to our universe. As in other settings, where the addition of further degrees of freedom can fundamentally alter the character of the theory, dynamical matter might not be easily incorporated into a consistent microscopic description of gravity. As an example, consider YangMills theory, which is ultraviolet (UV) complete due to asymptotic freedom. If too many fermions are present, asymptotic freedom is destroyed. A similar effect could occur in gravity, where the too many matter degrees of freedom could preclude a particular scenario for a UV completion. Here, we will make a first step towards a consistent quantum description of matter and gravity, by studying the asymptotic safety scenario for gravity and matter.
The asymptotic safety scenario, proposed in [1] (for reviews see [2] [3] [4] [5] [6] [7] [8] [9] [10] ) provides an ultraviolet (UV) completion for gravity in the form of an interacting fixed point of the Renormalization Group (RG) flow. Let g i (k) be the couplings, depending on some momentum scale k, β gi = k ∂ k g i (k) the corresponding beta functions, and
the dimensionless form of the couplings (d i being the mass dimension of g i ). The β functions for the dimensionless couplingsg i depend on theg n themselves, but not explicitly on the RG scale k:
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The first term shows the scale-dependence due to the canonical dimensionality, which would be present also in a classical theory, whereas the second term arises from quantum fluctuations that introduce a non-trivial scale dependence. A fixed point is a simultaneous zero of the beta functions of all the dimensionless couplings: βg i (g j * ) = 0. For a Gaußian fixed point, where the theory becomes asymptotically free,g i * = 0. This fixed point is known not to lead to a consistent UV limit for gravity, as the Newton coupling by itself cannot become asymptotically free due to its canonical dimensionality, and the addition of curvature-squared couplings leads to an asymptotically free but non-unitary theory [11, 12] . Thus a quantum field theoretic UV completion of gravity demands g i * = 0.
An important technical advantage of this scenario lies in its formulation as a local continuum quantum field theory. Many powerful tools, which have been successfully used to describe the other interactions, are available in this setting. In particular the inclusion of matter is in principle straightforward, and there is no difficulty in considering, e.g., chiral fermions [13] [14] [15] , in contrast to several other approaches to quantum gravity.
The main advantage of asymptotic safety, however, is predictivity. Although infinitely many couplings are expected to be nonvanishing at the fixed point, predictivity can be retained in this scenario: This happens if all but a finite number of couplings are UV-repulsive. These irrelevant couplings need to be fine-tuned so that the IR-starting point for the RG flow (when followed "backwards" towards the UV) lies within the UV critical surface. This amounts to a prediction of the value of the irrelevant couplings and will yield a predictive theory if the critical surface is finite dimensional.
To determine whether a coupling is relevant, we linearize the RG flow of the dimensionless couplings around the fixed point up to first order βg i ({g n }) = 0 + j ∂βg i ∂g j gn=gn * (g j −g j * ) + ... .
The solution to this equation can easily be found, and is given byg
where
Here, the C I 's are constants of integration, which constitute the free parameters of the theory, and k 0 is an arbitrary reference momentum scale. The V I are the eigenvectors, in general given by a linear superposition of couplings, and the critical exponents −θ I the eigenvalues of the stability matrix, defined in (3) . At a Gaußian fixed point, the critical exponents are given by the mass dimensions of the couplings. Clearly the requirement to hit the fixed point in the UV translates into the condition C I = 0 for those I such that Re[θ I ] < 0, i.e., the UV-repulsive directions. In contrast, the C I are undetermined if Re[θ I ] > 0, as those directions approach the fixed point automatically towards the UV. To fix these constants, the values of couplings have to be measured in an experiment, just as is the case of power-counting relevant operators in an asymptotically free theory. for instance the gauge coupling in QCD is a free parameter of the standard model. Therefore a predictive theory can only have a finite number of positive critical exponents. The concept of nonperturbative renormalizability, a.k.a. asymptotic safety, is well-known from condensedmatter physics, where the Wilson-Fisher fixed point and its generalizations are interacting fixed points, and their critical exponent have been shown experimentally to govern second-order phase transitions in a variety of materials. In high-energy physics, the concept is applicable to perturbatively nonrenormalizable effective field theories, where it could provide predictive UV completions, see, e.g., [16, 17] . Evidence for the existence of a gravitational fixed point with a finite number of relevant directions has been collected with a variety of tools, but in recent years most progress has come from functional Renormalization Group methods, whose application to gravity has been pioneered in [18] . Various nonperturbative truncations of the RG flow indicate the existence of an interacting fixed point [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Recent results also suggest the existence of an infrared fixed point [35] [36] [37] .
For a realistic implementation of the asymptotic safety scenario a fixed point for pure gravity is not enough: all matter couplings must also simultaneously reach a fixed point. Such a study may seem to be hopelessly complicated, but there are several arguments for pursuing it even at this early stage. One is the general philosophy, which is widely held in the particle physics community, that a consistent theory of gravity requires the inclusion of matter. We will see that the available evidence for asymptotic safety is not particularly supportive of this point of view, in the sense that a fixed point seems to exist also for pure gravity, but it is still too early to tell.
Then, even assuming that a pure gravity fixed point existed, its applicability to the real world would require that matter becomes noninteracting in the ultraviolet, and quantum fluctuations of matter do not change the microscopic dynamics of gravity. Within a path-integral approach to quantum gravity, it seems more likely that quantum fluctuations of all fields determine the microscopic dynamics and drive the Renormalization Group flow. This view is supported by the result that quantum gravity fluctuations, parametrized as metric or vielbein fluctuations in a continuum setting, generate matter interactions even in a free theory [13, 14, 38, 39] .
Other arguments are of a negative character. It is not likely that a firm proof of (non-)existence of a gravitational fixed point can be reached. By widening the scope of the exploration one also enhances the chances of disproving this scenario. For example, if standard model matter turned out to be incompatible with a fixed point within the presently available approximations, the case for asymptotic safety would be correspondingly weakened. On the experimental side, barring possible surprises, it does not seem very likely that we will see signatures of Planck scale physics within the foreseeable future. On the other hand, much more data is expected to become available in particle physics, and it is possible that some signs in favor of, or against, asymptotic safety can be found in them. A striking example is the relatively successful prediction of the Higgs mass by Shaposhnikov and Wetterich [40] . Putting that prediction on a firm theoretical basis will require much work on the mutual influence of gravity and matter at high energy.
Here we will investigate the consistency of the interacting fixed point in gravity with the existence of minimally coupled matter. While neglecting matter selfinteractions may not be a realistic assumption, it is enough to give at least some hint of the effect that matter can have. We find that within our approximations there are strong restrictions on the total number of matter fields. While the standard model seems to be compatible with asymptotic safety of gravity, many popular scenarios of BSM physics are not. Our results improve previous work [41, 42] . We will discuss the differences between the new and the old findings in the conclusions.
In section II we will describe the techniques we employ in some more detail. In section II we present the beta functions and the anomalous dimensions of the graviton, ghost and matter fields, which are the main new technical result of this paper. Section IV contains the physics results, i.e., the bounds on the number of matter fields and discussion of various models. We conclude in section V with a summary of the results and cautionary remarks.
II. METHOD
To investigate the coupling of matter to quantum gravity within the asymptotic safety scenario, a method is required that allows for a nonperturbative evaluation of the β functions, and an inclusion of (chiral) fermionic, scalar and vector degrees of freedom. Further, a continuum method that allows for analytical calculations is desirable. In the following, we will present such a method. Here we consider a Riemannian setting, and assume that our results carry over to the Lorentzian case.
A. Functional Renormalization Group
The functional Renormalization Group is a framework to evaluate β functions, even in the nonperturbative regime, where no small coupling exists, and/or nonperturbative threshold effects exist even at small values of the couplings. The method is based upon a Wilsonian momentum-shell wise integration of the path-integral: A mass-like regulator function R k (p) suppresses quantum fluctuations with momenta p < k, where k is an infrared momentum cutoff scale. This allows us to define a scaledependent effective action, the flowing action Γ k , which only contains the effect of quantum fluctuations with momenta p > k. By changing k we can interpolate smoothly between the microscopic action Γ k→∞ and the full quantum effective action Γ k→0 . The scale-dependence of the flowing action is then given by the Wetterich-equation [43] , a functional differential equation:
Herein, Γ
k denotes the second functional derivative of the flowing action with respect to the fields, and constitutes a matrix in field space. The supertrace STr includes a summation over all discrete indices and the fields, including a negative sign for Grassmann valued fields, i.e., fermions and Faddeev-Popov ghosts in our case. The supertrace also includes a summation over the eigenvalues of the Laplacian in the kinetic term, that translates into a momentum-integral on a flat background. The main technical advantage of the Wetterich equation lies in its one-loop form, which nevertheless takes into account higher-loop effects, as it depends on the full, field-dependent nonperturbative regularized propagator
(see [44] ).
B. Background field and fluctuation field
In gravity, the background field method is used to set up the RG flow [45] . The full metric is split into backgroundḡ µν and fluctuation h µν :
We adopt the traditional perturbative convention of rescaling the metric fluctuation field to make it canonically normalized (this convention was also used in a functional RG context in [32] ). This split allows to gaugefix with respect to the background field, and demanding background-field gauge invariance ensures gauge invariance of the full effective action Γ. Furthermore, the covariant derivative with respect to the background field allows a meaningful distinction of high-and lowmomentum quantum fluctuations, and allows to implement the IR-regularization of the generating functional, while keeping the one-loop form of the Wetterich equation. Background-independence is achieved by keeping the background field general, and in principle studying all possible backgrounds simultaneously. The flow equation accordingly depends on two fields, the fluctuation field h µν and the background fieldḡ µν . There are two types of terms in which the fluctuation field and the background field do not enter as a sum to combine into the full metric: These are the gauge-fixing term, and the cutoff term. Accordingly, the RG flow will generate terms that depend on the fluctuation metric and the background metric separately. This bimetric structure has first been studied in [46] [47] [48] . Here, we extend the recent analysis in [32] to include matter fields. At the level of the Einstein-Hilbert truncation, we need to introduce the graviton and matter anomalous dimensions, in order to provide a consistent closure of the flow equation from which we will extract the β functions of the background field G and Λ.
Our truncation is given by
where the gauge-fixing term is given by:
Here,κ = (32πG)
2 and α and ρ are gauge parameters, which in this paper we choose equal to one. The standard Faddeev-Popov ghost term in this gauge reads
with a wave-function renormalization Z c (k), which has first been evaluated in [49, 50] . The Einstein-Hilbert term, which depends on the full metric, is given by
We then expand the action up to second order in the fluctuation field and introduce a wave-function renormalization for the graviton by h µν → Z h h µν . The action then takes the form
Here and elsewhere 1 is the identity in the space of the fields (in this instance, symmetric tensors), K is given by
and W is a geometric structure linear in curvature (see eq.(31) of [26] ) that does not play a role in the calculation of the anomalous dimensions, that is done on a flat background. The matter part of the action is given by
In each case, i is a summation index over matter species (not to be confused with the representation index of some non-Abelian gauge group). Similar actions, but without the factors Z Ψ , have been considered before in [41, 42, 51] . Fermions in asymptotically gravity have been further discussed in [13] [14] [15] [52] [53] [54] . In the Dirac action the covariant derivative is
µ , where the spin-connection ω ab µ can be expressed in terms of the vielbeins. This introduces an additional O(d) local gauge invariance. We adopt a symmetric gauge-fixing of O(d), such that vielbein fluctuations can be re-expressed completely in terms of the metric fluctuations [15, 55, 56] . We will therefore not rewrite the gravitational part of the action in terms of vierbeins; full details of the procedure we follow can be found in [52] .
There are no gauge interactions, so the fermions (as well as the scalars) are uncharged and there are no gauge covariant derivatives. In the Abelian gauge field action the second term is a gauge fixing term with gauge-fixing parameter ξ and the third term represents the abelian ghosts. The ghosts are decoupled from the metric and gauge field fluctuations and therefore do not contribute to the running of Z h and Z V , however they are coupled to the gravitational background and therefore contribute to the beta functions of G and Λ. Concerning the question of the mixing between abelian and diffeomorphism ghosts as addressed in [60] , it turns out that there is no contribution to the running of Z V , if a regulator is chosen that is diagonal in the ghost fieds. We do not introduce a wave function renormalization for the abelian ghosts in this work.
Our truncation for the gravitational and matter action contains two essential couplings G and Λ, and five inessential wave-function renormalization constants Z Ψ with Ψ = (h, c, S, D, V ). Being inessential means that the Z Ψ can be eliminated from the action by field rescalings and do not appear explicitly in any beta function. As a consequence they are not required to reach a finite limit. Instead, when the essential couplings are at their fixed point, they scale with a calculable exponent. It is crucial for our analysis, that the wave-function renormalizations Z Ψ nevertheless couple into the beta-functions of the essential couplings in a nontrivial way via the anomalous dimensions
The calculation of the beta functions and anomalous dimensions then proceeds as follows. We choose regulators of type II, in the terminology of [26] . For gravitons
where z = −D 2 +W . (In the calculation of the anomalous dimensions one works in flat space and then z = p 2 ). Likewise for the other fields
We use a shape function as in [57] r p
To test the scheme dependence we have also performed calculations with a cutoff of type Ia on the gravitons, which means that z = −D 2 in (17). With these definitions we then evaluate the coefficients of various terms in the r.h.s. of the Wetterich equation.
The beta functions of G and Λ, and of the corresponding dimensionless couplings To evaluate the anomalous dimensions η Ψ we proceed as in [13, 49] , expanding around flat space and extracting from the r.h.s. of the flow equation terms quadratic in momentum and in the fluctuation field Ψ. The terms in this calculation have a natural diagrammatic expression as one loop corrections to the running of the two point function of the field Ψ. The graviton anomalous dimension can be written as
where the first term comprises the contributions coming from graviton and ghost loops, whereas the second comes from matter loops. The first contribution is evaluated using the diagrams listed in [32] . We project the resulting tensorial structure along the tensor K which is the structure of the graviton propagator in the gauge α = 1 that we are using here.
The matter contribution to η h is given by the diagrams of fig. 1 diagrams exist which could also contribute to η h . The momentum structure of the vertices in our truncation implies a vanishing of those diagrams.
As we neglect matter-ghost couplings at this order of the approximation [39] , the ghost anomalous dimension will be the same as in the pure gravity case, and there is no ghost contribution to the matter anomalous dimensions.
Finally, graviton fluctuations induce nontrivial matter anomalous dimensions through the diagrams of fig. 2 . 
III. BETA FUNCTIONS
The beta functions forG andΛ have the following form:
Except for the appearance of the matter anomalous dimensions, this agrees with [26] . The main novel computational result of this paper are the formulas for the anomalous dimensions η h , η S , η D and η V . Following [32] , the gravitational contribution to the graviton anomalous dimension can be written in the form
We have checked the results of [32] when η h is defined by projecting on the spin two propagator. With our definition of η h , which involves projection on the tensor K the coefficients turn out to be:
The matter contribution is
The ghost anomalous dimension is
with
Finally the anomalous dimensions of the matter fields are
IV. RESULTS
A. Perturbative approximation
In order to get a rough idea of the effect of matter on the RG flow, in a context where solutions can be found analytically rather than numerically, it is useful to consider first the perturbative approximation, which consists of neglecting all anomalous dimensions and expanding the beta functions to second order inΛ andG. This is justified in some neighborhood of the Gaussian fixed point. In d = 4 the beta functions become
The numbers 46, 2 and 16 represent the contributions of gravitons and ghosts to the beta functions. These contributions are such that the RG flow admits a nontrivial fixed point when matter is absent.
Let us see what effect matter has, in this approximation. The beta function have a nontrivial fixed point at
Since the beta functions vanish forG = 0, flow lines cannot cross from negative to positiveG. Since the low energy Newton's coupling is experimentally bound to be positive, we require that also the fixed point occurs at positiveG. This puts a bound on the matter content.
In the following we shall find it convenient to present the results in the N S -N D -plane, treating the number of gauge fields as a fixed parameter. Positivity ofG * demands that
Notice that gauge fields contribute with the same sign as gravity, so they facilitate the existence of the fixed point, whereas scalars and fermions tend to destroy it. When their number increases, the fixed-point value of G * increases and reaches a singularity on the line
On the other side of the singularitỹ G * is negative. Fig. 3 shows the existence region of a positive fixed point forG * for no gauge fields or 12, 24, 45 gauge fields. (The significance of these numbers will be discussed later.) We see that the existence region grows with the number of gauge fields, but most importantly, for a given number of gauge fields, only a finite number of combinations of scalar and Dirac fields is allowed.
The cosmological constant has a singularity on the line This singularity inΛ * is parallel to the singularity inG * and is shifted downwards by N D = 7.5. There are fixed points in the intermediate region between these singularities, but they are disconnected from the one in the origin (i.e., with no matter), so we regard them as physically very untrustworthy. For "phenomenological" applications we will restrict our attention to points that are below the singularity in the cosmological constant. The allowed region is therefore somewhat smaller than the one shown in fig. 3 . In the absence of gauge fields this leaves only the area N D < When we restrict ourselves to the allowed region, the sign of the cosmological constant at the fixed point is determined by the numerator in (37): above (or left) of the line
the cosmological constant is negative, whereas below (or right) of this line it is positive. Note that in the beta function forΛ the contribution of each field is weighed with the number of degrees of freedom it carries, with a plus sign for bosons and a minus sign for fermions. The line (41) is where any supersymmetric theory would lie. The contours of constantΛ * are straight lines passing through the point (2N V + 20, N V + 11/2), where (40) and (41) Below the singularites ofΛ * andG * , the numerator and denominator of this ratio are positive, so both eigenvalues are negative. In the region between the singularities the second eigenvalue would be positive.
In this perturbative approximation one can examine effect of matter on higher gravitational couplings. If we parametrize the curvature squared terms, up to total derivatives, as
where C is the Weyl tensor, the beta functions of the couplings are
It is remarkable that all types of matter contribute with the same sign to the running of these couplings, which are always asymptotically free.
In the perturbative approximation it is easy to compute the beta functions also with other definitions of the cutoff. If we choose the so-called type Ia cutoff on gravitons (see [26] ) the one loop beta functions are given by
Notice that the matter contribution has not changed: for massless scalars the two types of cutoff are the same, for fermions we must always use the type II cutoff [52] and for simplicity we have maintained this cutoff also for gauge fields. The only difference is therefore in the gravitational contribution. One can repeat the preceding discussion with little changes. The main effect is that the permitted region is smaller, with the singularities shifted downwards: 23 is replaced by 11 in (39) and 31/2 is replaced by 7/2 in (40). We can view these shifts as a measure of the typical theoretical uncertainties in this approximation.
The coefficients (44) are universal and, as noticed in [58] , with type II cutoff and with the shape function (19) the contribution of matter to the running of all couplings multiplying terms with six or more derivatives is identically zero.
B. The full system
Anomalous dimensions and RG improvement
Next we want to analyze the fixed point of the full nonlinear system of beta functions (21, 22) , including the anomalous dimensions. The formulas (23-34) do not directly give the anomalous dimensions, rather they give a set of linear equations for the anomalous dimensions. The appearance of the anomalous dimensions on the r.h.s. of these equations is due to the fact that couplings that enter the regulator function (in this case, the wave function renormalizations Z Ψ ) have to be treated as running parameters. If we denote η = (η h , η c , η S , η D , η V ), these equations can be written in the form
where η 1 is the leading one loop term and A is a matrix of coefficients.
The reason for calling η 1 the one loop anomalous dimension is that in the functional RG the one loop approximation consists precisely of neglecting the running of the couplings in the r.h.s. of the Wetterich equation. To avoid misunderstandings, let us also comment that in a single-field truncation, where one neglects the terms of order h in (13), the anomalous dimension is identified with
This is the origin of the often-made statement that the one loop approximation consists of neglecting the anomalous dimensions. In a two-field truncation, with independent wave function renormalization for the fluctuation field, this statement is not true and one can have anomalous dimensions at one loop. In order to write the anomalous dimensions as functions ofG andΛ one has to solve this system of equations. We refer to this as "the RG improvement". The resulting expressions are considerably more complicated than the ones appearing in eq. (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . In particular they are rational functions inΛ andG whose numerators and denominators are polynomials of higher order than the ones appearing in the leading one loop terms. Since the full equations contain polynomials of higher order than the leading ones, they will also have more solutions. In general we consider to be reliable those features of the system that can be seen already in simple approximations and that persist when more complicated features are taken into account. This implies that all the additional solutions of the full system that are not present in the one loop system are spurious.
Furthermore, in situations where the anomalous dimensions become large, the improvement terms can become numerically dominant relative to the leading terms, in which case also the true solutions may exhibit features that are non-physical. Clearly this means that the "RG improved" results have to be taken with great care when the anomalous dimensions become large. In order to avoid potential pitfalls due to these facts, unless otherwise stated in what follows we shall present the results taking only the leading terms of the anomalous dimensions into account. We will discuss explicitly some cases when the full nonlinear system can be studied and gives reliable results.
Selection criteria
Even the leading one loop flow equations are very nonlinear, and for any given triple (N D , N S , N V ), there may be several fixed points. How do we know whether a fixed point is physically significant or just an artifact of the truncation? Since the nontrivial fixed point in the absence of matter is relatively well understood, we try to select among all possible fixed points in the presence of matter the one that derives from a continuous deformation of the fixed point without matter. The following criteria are also useful.
• We discard those fixed points for whichG * < 0. As already remarked, although the fixed-point value ofG is not restricted by observations, its lowenergy value is. Thus a realistic model of gravity must show an RG flow towards the IR, such that
To the best of our knowledge, no truncation exists in whichG changes sign under the RG flow, thus ruling outG * < 0.
• We discard fixed points which have less than two relevant directions. While in principle the lowenergy value of the Newton coupling or the cosmological constant could be a prediction of the theory, both correspond to free parameters of the puregravity theory. We expect that for a small number of matter degrees of freedom, the number of critical exponents should not change, otherwise the truncation would be insufficient. This does not rule out the possibility that a very large number of matter degrees of freedom leads to substantial changes in the properties of the theory and a viable fixed point has only one relevant direction, but we do not consider this possibility in the following.
Following this procedure, we find severe restrictions on the number of matter and gauge fields compatible with asymptotically safe gravity. Note that some of the fixed points found in this way can have rather large critical exponents. Such large values indicate a huge departure from canonical scaling and imply that quantum fluctuations have a very big effect. Thus our truncation is presumably insufficient to capture the relevant physics in this case, and yields unreliable results.
Anomalous dimensions and predictivity
A connection exists between the anomalous dimension of the fields and the critical exponents at an interacting fixed point, so that we can deduce a bound on the anomalous dimension by requiring predictivity of the theory: Let us consider an operator O = Φ n , where Φ stands for any of the fluctuation fields of the theory, e.g., the graviton. The dimensionality of the corresponding coupling g O is then given by d g = d − n d Φ , where d Φ is the dimensionality of the field. Accordingly, the dimensionless couplingg O is given bỹ
The β function for the couplingg O will thus have the following structure
where we have introduced the anomalous dimension η Φ = −∂ t ln Z Φ . The additional terms in the β function depend on the particular operator that we consider, and are nonzero at an interacting fixed point. Neglecting operator mixing, they will result in a shift of the critical exponent θ O from the canonical value (which it has at a noninteracting fixed point) to
The sign of the critical exponent cannot be determined from general arguments, but must be fixed by an explicit calculation. At an interacting fixed point, the anomalous dimension constitutes a further departure from canonical scaling, that scales with n. Predictivity demands that at most a finite number of operators should be shifted into relevance at an interacting fixed point. This implies that
In the case of the graviton,
2 , therefore
Considering operators O that contain derivatives will generally give a weaker bound; here we will consider the strongest possible bound. We will use this as a fourth criterion to bound the number of matter fields compatible with asymptotic safety. We will not take into account similar bounds on the matter anomalous dimension, as we have neglected all matter self-interaction. We thus assume that our values for the matter anomalous dimensions will change in a more complete truncation.
In the following, we apply the criteria specified above and discuss the compatibility of scalars, Dirac fermions and vectors with a viable fixed point for gravity.
C. Fixed points
No matter
The anomalous dimensions of the ghosts had been calculated previously in [49] , [50] . The running of the graviton two point-function had been calculated in [36] , [35] , where it was interpreted as running of the cosmological and Newton couplings. Here we follow [32] in resolving the difference between the running of the Newton coupling and the anomalous dimension. At this stage, we ignore the difference between the running of the background cosmological constant and the mass term in the graviton propagator. Our derivation differs from previous ones in the definition of the cutoff and of the anomalous dimension. We use a type II cutoff, in part for coherence with the cutoff in the fermionic sector, but also because it leads to beta functions containing polynomials of lower order and hence with fewer spurious solutions. Furthermore, in the definition of the anomalous dimension η we have projected the two-point function on the tensor K, which is the structure it has in the internal lines. This also has the computational advantage of depending only on the metric and not on the external momenta. We list the results in the following table. The first two columns give the results of the one loop approximation, as defined in subsection IV.B.1, and the RG improved equations, both with the type II cutoff. The difference is very small, in accordance with the fact that the anomalous dimension of the graviton is small. The third column gives the result we obtain using a cutoff of type Ia instead of II. The difference with the first column is not very small quantitatively, in line with previous discussions of the scheme-dependence in this approach [19, 59] . A higher order truncation would be needed to improve this aspect. The last column gives the results of reference [32] , who also used a cutoff of type Ia. The differences that are seen between the last two columns can thus all be attributed to our different definition of the anomalous dimensions. The main difference between these results and the earlier literature lies in the real critical exponents, which are seen to be only weakly dependent on the technical details. We anticipate that this is mainly due to our identification of the "graviton mass" (the term quadratic in h and without derivatives in (13)) with the background cosmological constant. When the graviton mass is allowed to run independently the flow in theΛ-G plane has again complex critical exponents, while the flow in the mass-G plane looks like the one discussed here. We will return to this point in a future publication.
Scalar matter
Even though physically N S must be an integer, mathematically one can study the dependence treating N S as a continuous parameter. For N S ≤ 12 the effect of scalars is to pushΛ * towards larger values, whileG * is almost stable. The productΛ * G * , which is generally known to be quite independent of technical details such as gauge and cutoff choice, increases slowly, see fig. 4 . In this regime the critical exponents change little while the anomalous dimensions increase in absolute value, maintaining the same sign (η h > 0, η c < 0 and η S < 0). There is a sharp change of behavior ofΛ * for N S ≥ 12. Beyond this value, the cosmological constant stops growing with N S , whileG * begins to grow and also the critical exponents become very large (O(10 3 )). As far as we could see, the change of behavior occurs smoothly over the whole range, so one has a continuous deformation of the pure gravity fixed point up to N S ≈ 27.7 whereG * diverges. As in the perturbative approximation, there is therefore a maximal number of scalar fields that is compatible with the existence of a viable fixed point. This is in contrast to [41, 42] , where the fixed point seemed to exist for any number of scalars. We believe that fixed point to be an artifact of the identification of η h with (49) With a type Ia cutoff the anomalous dimensions remain smaller and the fixed point becomes complex at N S ≈ 17. This lower limit is in line with the result of the perturbative approximation. We thus observe a significant scheme-dependence for N S > 12. This, together with the fact that the anomalous dimensions become rather large in that range, makes the full RG improved equations unreliable. This suggests, that the fixed point beyond N S = 17 could be a truncation artifact.
In the future we may understand better which truncation gives physically reliable results but for the time being the scheme dependence has to be taken as a measure of the theoretical uncertainties. For now we can say with good confidence that the fixed point ceases to exist when the number of scalars becomes of the order of 22 ± 5. To sharpen this number, one should study the behavior of higher background curvature terms, for example repeating the analysis in [33] under the inclusion of scalars. On the other hand, in order to understand whether the large negative scalar anomalous dimension could lead to an increase in the number of relevant directions, one should study this question in the presence of scalar self-interactions [38] .
Fermionic matter
As already observed in [41] , the effect of fermions is to pushG * to larger values andΛ * to more negative values, cf. fig. 6 , see app. C for detailed values.
At a critical number of fermions N D ≈ 10.1,G * goes to +∞ andΛ * goes to −∞. This is similar to the behavior seen in the perturbative analysis. Accordingly fermions have a destabilizing effect on asymptotic safety in gravity, reminiscent of a similar effect of fermions on asymptotic freedom in gauge theories. Below the critical number the solution to the microscopic equation of motions at the fixed point -within our truncation -is the Euclidean version of anti deSitter space. Thus, AdS/CFT-type dualities might be of use to understand the microscopic gravitational action.
Fermionic fluctuations have only a small effect on the values of the critical exponents, cf. fig. 7 . This suggests that fermionic matter does not change the number of relevant directions of background operators. In contrast, the graviton anomalous dimension grows, cf. fig. 8 . These results show only a very weak scheme-dependence. The main difference in the RG improved case lies in the fact that the fermionic anomalous dimension remains negative up to the critical value of N D .
The main result of our analysis up to this point lies in the existence of a maximum number of fermions and scalars compatible with the gravitational fixed point within our truncation. This is true also for combinations of scalars and fermions, as seen in fig. 9 , which shows the existence region of the fixed point in the N S -N D -plane for N V = 0. Note the qualitative agreement with the analysis of the perturbative approximation in section IV.A. We conclude that the inclusion of dynamical matter can fundamentally change a quantum theory of gravity, or even make it inconsistent. It is thus crucial to include realistic matter degrees of freedom in the investigation of the asymptotic-safety scenario for quantum gravity. 
Vector fields
In contrast to scalars and fermions, we find no bound on the number of vector fields compatible with a viable gravitational fixed point. The effect of vector degrees of freedom is always to decreaseG * and to increaseΛ * . The position of the fixed point and the values of the critical exponents and anomalous dimensions are shown in figs. 10,11, for 0 ≤ N V ≤ 50, covering all phenomenologically interesting models. The behavior is very smooth. This picture holds with small quantitative changes also when the RG improvement is taken into account, and with type Ia cutoff. The most significant difference lies in the fact that the vector anomalous dimension does not change sign even for large N V , when the RG improvement is taken into account. We therefore believe that the existence of the fixed point is a true feature of gravity coupled to vector fields. It will be interesting to see whether the gauge coupling remains asymptotically free when Yang-Mills is coupled to gravity.
As a preliminary step, we consider the effect of gravitational fluctuations on the beta-function of the gauge coupling in the abelian case. In the context of asymptotic safety, this has been considered previously in [60] [61] [62] . In d = 4 the beta function is given by
For a small value of the cosmological constant, we observe that gravitational fluctuations lead to an asymptotically free fixed point. Whether this behavior carries over to the QED coupling when defined as in [63] , is an open question. As in [62] , there is also a non-Gaußian fixed point, at which the QED coupling is irrelevant, and its value in the infrared can be predicted. A main difference to [62] lies in theΛ-dependence of our result, which is quadratic, instead of linear inΛ. For |Λ| > √ 0.4, the Gaußian and the non-Gaußian fixed point merge, and only a UV-repulsive Gaußian fixed point remains. For the matter content of the Standard Model, only the UVrepulsive noninteracting fixed point remains. 
Specific matter models
A viable gravitational fixed point exists for a small number of matter fields. Increasing the number of matter fields, two mechanisms can remove the fixed point: A first possibility is forG * and/orΛ * to diverge. A second mechanism is the collision of fixed points: The beta functions admit several zeros, which move in theG-Λ plane in dependence of the number of matter fields. These fixed points can collide, at which point they move off the real axis to complex values. These mechanisms are responsible for the existence of boundaries in the (N S , N D , N V ) space.
Before discussing the shape of the boundaries, we will investigate the compatibility of specific matter models with the asymptotic safety scenario. Note that our results rely on a particular truncation, thus extended truncations could result in quantitative changes. Recall also that we neglect all matter-self-interactions which are present in specific matter models. In particular we do not distinguish between abelian and non-abelian gauge bosons.
We begin with the standard model (in its original form excluding right-handed neutrinos). For reasons that have been discussed earlier, we take as our benchmark the one-loop results obtained with type II cutoff. These are reported in the first column of the following table. So the first and most important observation is that the matter content of the standard model is compatible with the existence of a fixed point. By first adding, one at the time, the vector fields, then the scalars, then the fermions, one can convince oneself that this fixed point is a continuous deformation of the one discussed in section IV.C.1. The second column shows the properties of the fixed point of the RG improved beta functions. They are not very different from the one loop results, as expected from the fact that the anomalous dimensions are not very large. The other two columns show the properties of the same fixed point when one uses a type Ia cutoff. As observed earlier, with this cutoff the allowed region is smaller, so the standard model is closer to the boundary and this explains why the couplings are larger. The variations are typical for the scheme dependence in this approach. All the evidence leads us to believe that this fixed point is a genuine feature of the theory and not an artifact of the truncation. Theories that go beyond the standard model contain more fields. So let us consider these models, starting from the ones with fewer fields. A very minimal extension is a single further scalar field, which can be viewed as a model of dark matter [64] [65] [66] [67] . This has a small effect, as seen in the third row of table IV. In the fourth row we consider a model with three right-handed neutrinos, to account for neutrino masses. This has a somewhat larger effect but is still clearly compatible with asymptotic safety. In the fifth row we consider a model with three right-handed neutrinos and two scalars, one of which can be thought of as the axion [68] [69] [70] [71] , the other as dark matter. This model is still in the allowed region with the type II cutoff, but if one were to use the more stringent type Ia cutoff it would be quite close to the boundary. This model is therefore nearly as extended as one can get without adding further gauge fields. The extent of the allowed region with N V = 12 is shown in figure 12 .
One important example of a model that is beyond the boundary is the MSSM. In the one loop approximation with type II cutoff there is actually no real solution with the matter content of the MSSM. In the RG improved equations, two real solutions with positiveG * exist, but they have one positive and one negative critical exponent and are therefore not a continuous deformation of the nomatter fixed point. A similar situation holds with type Ia cutoff. Since they do not appear already in the one loop approximation they are likely to be truncation artifacts. We conclude that the matter content of the MSSM, again neglecting the non-abelian nature of the gauge bosons, is incompatible with the existence of a fixed point.
In the case of GUTs the fermion content is the same as the SM (typically with right-handed neutrinos included) and there are more gauge fields, so one may hope that they are compatible with a fixed point. In this case, however, it is the large number of scalars that poses a severe challenge. As examples we consider an SU (5) and an SO(10) model, both with minimal scalar sectors. In both cases the fermionic sector consists of three generations including right-handed neutrinos, i.e., a total of 48 Weyl spinors, which count like 24 Dirac spinors. In the case of SU (5), we consider three scalar multiplets: one in the adjoint (24 real fields), one in the fundamental (5 complex fields) and one in the complex 45-dimensional representation. This sums up to NS = 124. In the case of SO(10) a minimal scalar sector would contain the adjoint (45 real fields) the fundamental (10 complex fields) and one (complex) 16 [73] leading to NS = 97.
The SU (5) model actually has one fixed point with largeG * = 37, large critical exponents −80 and 38 with opposite signs, implying that it is not connected to the no-matter fixed point. Furthermore it has a huge anomalous dimension η h = 84 which makes it rather unreliable. The RG improved beta functions again have a single real fixed point with positiveG * = 0.21, but in a very different position and with very different critical exponents −5.3 and 1.4 which make it impossible to identify it with the one of the one loop approximation. This strengthens the suspicion that they are both truncation artifacts. So while one cannot strictly exclude the existence of a fixed point for this particular matter content, it is beyond the boundary of our allowed region. In the case of the SO(10) model this conclusion is even stronger, since there is no real nontrivial fixed point. Considering that realistic GUT models have many more scalars than the minimal models considered here, one can conclude with good confidence that GUTs with fundamental scalars are incompatible with a gravitational fixed point.
Technicolor-like models [72] , which dispense with fundamental scalars, and instead introduce further fermions and gauge bosons, could very well be compatible with a fixed-point scenario for gravity, as larger numbers of vectors also imply a larger number of fermions compatible with the fixed point. Fig. 12 shows the region in the N S -N D -plane where a fixed point exists withG * > 0, θ 1 , θ 2 > 0 for N V = 12, at one loop and with type II cutoff. In comparison to the perturbative results, the inclusion of the anomalous dimensions leads to a more complicated shape of the boundary, but it remains true that continuous deformations of the fixed point without matter are only possible in a bounded domain of the plane. When one increases the number of scalars or fermions at fixed N V one encounters a singularity, or the fixed point becomes complex.
The fixed points in the disconnected island on the right cannot be continuously deformed into the one without matter. Instead, they are the continuation of a fixed point that is complex in the permitted region connected to the origin, and becomes a pair of real fixed points for larger number of scalars. For small N V the gap closes and there are combinations of matter fields such that the two fixed points are both real. This can be see in fig. (13) which shows the exclusion plot in the plane N D = 0. (No such phenomena occur in the N S = 0 plane.) Since the second fixed point coexists with the one that we regard as physically significant in some region of the (N S , N D , N V ) space, it is probably an artifact of the truncation. Consequently, also in the rest of the space, its significance is doubtful. More detailed investigations will be necessary to clarify this point.
The shades of grey in figures 9, 12, 13 are related to the value of the graviton anomalous dimension, with darker tones indicating a larger anomalous dimension. We observe that η h becomes very large (O(10 3 )) at some points in the horn of fig. 9 and near the boundary, at small N S . The restriction η h > −2 is automatically satisfied everywhere and does not add significant restrictions, however the dark dots indicate that the truncation used is unreliable. Our graphs should therefore be taken with a grain of salt, as the shape and position of the boundary could change in an extended truncation. The overall conclusion of this brief investigation is that asymptotic safety puts very strong restrictions on the matter content. It is thus interesting to observe that limited, observationally well-motivated extensions of the standard model are compatible with a fixed point for gravity, while models that demand a larger number of degrees of freedom for internal consistency reasons (such as supersymmetric models) are incompatible with the fixedpoint scenario. The observation of many more fundamental particles at LHC or future accelerators could therefore pose a severe challenge to the asymptotic safety scenario.
D. The quantum gravity scale with matter
Although the asymptotic safety scenario aims at a construction of a continuum quantum gravity model, where no fundamental kinematical length scale exists, a quantum-gravity scale will emerge dynamically. This is very similar to QCD, where quantum fluctuations lead to the dynamical generation of Λ QCD , which is a physical scale at which the behavior of the theory changes drastically. In quantum gravity the transition scale to the fixed-point regime is the dynamically generated quantum-gravity scale. There, the theory changes from the phase in which the dimensionful Newton coupling is constant, to a scale-free regime in which G(k 2 ) ∼ 1 k 2 , which is conjectured to become visible, e.g., in gravitonmediated scattering cross sections [74] [75] [76] . A priori, this scale could take any value, but has been found to be close to the Planck scale in previous studies of the EinsteinHilbert truncation [77] . Note that this notion of a quantum gravity scale differs from that discussed, e.g., in [78] , where a quantum gravity scale is defined byG ∼ 1. These two scales differ. The latter can be understood as a scale where quantum gravity effects in general become important. The former is a scale pertaining to the notion of asymptotic safety, and can be thought of as a scale at which predictions from asymptotic safety will differ from other quantum gravity theories.
Trajectories passing very closely to the Gaußian fixed point before approaching the UV fixed point [77] exist also under the inclusion of matter. We thus expect to find a fine-tuned trajectory where the gravitational couplings take on their measured values in the infrared. On trajectories similar to this highly fine-tuned one, all quantities then clearly show the dynamical emergence of a scale at which the fixed-point regime is reached. We fix the dimensionless Newton coupling and cosmological constant to fixed valuesG 0 ,Λ 0 at a given IR scale, and then numerically integrate the RG flow towards the UV. We observe that scalars seem to have little effect on the transition scale, whereas fermions shift this scale towards larger values. There are two competing effects at work here: If the fixed-point coordinates of the NGFP are further away from the GFP, the flow takes up more "RG-time" until it reaches the fixed point, if the critical exponents are unchanged. If the critical exponents change also, they also alter the amount of "RG-time" necessary to reach the fixed point. Since the effect of fermions is to induce a considerable shift in the fixed-point values towards larger G and more negativeΛ, they shift the QG scale towards higher values. In the case of the Standard Model, the effect is less pronounced than in the case with fermions only. In our evaluation, we found a shift of the transition scale to the fixed-point regime by a factor of approximately 10.
Our study suggests that the dynamically generated quantum gravity scale is not independent of the existing matter degrees of freedom, as has also been observed in [78] . If a shift to higher scales is confirmed beyond our truncation, discovering phenomenological imprints of asymptotically safe quantum gravity might become even more challenging. It would be interesting to include the effect of the running Newton coupling into numerical calculations in the strong-gravity regime, such as those performed in [79] ; see also [80, 81] for the discussion of blackhole production in asymptotic safety.
E. Higher-dimensional cases
Large extra dimensions have a number of theoretical motivations, and have been shown to be compatible with asymptotically safe gravity in the Einstein-Hilbert truncation [22] and under the inclusion of fourth-order derivative operators [34] . While extra dimensions are not necessary for the consistency of the model, they seem well compatible with it. Phenomenological implications have been studied in [74] [75] [76] . Experimentally, the best upper bounds on their radius come from recent LHC results, see, e.g., [82, 83] . While the extra dimensions have to be compactified in a realistic setting, we can neglect the effect of compactifications here: At momentum scales much higher than the inverse compactification radius, the difference between a continuum of momentum modes and a discrete set of Kaluza-Klein modes has no effect.
The allowed regions for d = 5, 6 and N V = 12, at one loop and with type II cutoff, are shown in fig. 14 . We see that the standard model would still be (barely) compatible with a fixed point in d = 5 but it is not in d = 6. It would be incompatible also in d = 5 if we used the type Ia cutoff. This case is therefore marginal and needs further investigation.
It appears that the existence of sufficiently many matter fields poses a new restriction on the number of dimensions compatible with asymptotic safety. While a pure gravitational fixed point exists in these dimensions, the observed matter degrees of freedom tend to destroy it, at least within our truncation. Whether this changes if only gravity can propagate into the extra dimensions would have to be re-examined.
F. Anomalous dimension
In the scale-free fixed-point regime, the value of the anomalous dimension can be related to the momentumdependence of the propagator as follows
It is interesting to observe that while a negative value of η implies a UV suppression of the propagator, a positive value corresponds to a UV-enhancement. For the background-field anomalous dimension, η N = −2 arises as a fixed-point requirement, and could be read as a UV suppression. In contrast, the fluctuation field anomalous dimension without matter implies a rather weak UV enhancement of the graviton propagator. Scalar and fermion fields push η h into the large positive region, and vectors also tend to increase it, at least as long as N V is not too large. The result is that for the Standard Model we have a rather large positive anomalous dimension, corresponding to a strong enhancement.
A large anomalous dimension η h implies that for a more detailed understanding of the imprints of asymptotic safety on scattering cross sections in gravitonmediated scattering processes, the inclusion of vertex anomalous dimensions is necessary, as the UV scaling of the propagator alone implies an increase of the scattering cross section at high energies.
Quantitative changes are expected for η h , when momentum-dependent higher-order correlation functions for the graviton are included in the truncation, and it remains to be investigated, whether η h < 0 then, as one might naively expect for the unitarization. Making the simplifying assumption that graviton-matter vertices with one graviton and two matter fields do not get any explicit renormalization, the quantum-fluctuationinduced scaling of those vertices is determined purely by the anomalous dimensions. For instance, the dimensionless coupling g hφφ of an operator of the form h µν ∂ µ φ∂ ν φ, will then scale as g hφφ ∼ k ηS + η h 2 . For graviton-mediated scattering processes, we encounter a divergence of the scattering cross section with the center-of-mass-energy at tree-level, if quantum-gravity-induced renormalization effects are not taken into account. Here we observe, that, upon an identification of k 2 with the center-of-mass energy s, we would conclude that a negative anomalous dimension for matter and gravity improves the situation, as there is the additional scaling s 2ηS +η h . Additionally, the graviton propagator scales nontrivially with an additional
. The combined effect could even lead to a fall-off of the scattering cross-section, depending on the size of the anomalous dimensions. Matter fluctuations tend to drive η h to positive values, which is not the correct sign expected for the unitarization. Note that this expectation is subject to the scale identification k ∼ √ s, which might not capture the quantum effects correctly [84] .
V. CONCLUSIONS
In this work, we have reexamined the compatibility of minimally coupled matter degrees of freedom with the asymptotic safety scenario for gravity. This issue had been addressed before [41, 42] , but advances in our understanding in the intervening ten years lead to corrections and improvements. Our present treatment differs in two crucial ways. One is the way the cutoff is implemented on fermions: In [41, 42] the cutoff was chosen to be a function of − (so-called type I cutoff), whereas here the cutoff is chosen to be a function of − + R 4 . As discussed in [52] , the correct procedure is to impose a cutoff on the eigenvalue of the Dirac operator itself, and this is equivalent to the type II procedure. The second difference is in the treatment of the anomalous dimension of the graviton. In order to close the flow equations, the approximation η h = η N ≡ ∂ t G/G was made earlier. However, the effective average action Γ k (g µν , h µν ) is a functional of two fields: the background metric and the fluctuation, and the wave function renormalization of the fluctuation has a different scale dependence from 1/G, which appears as a prefactor in the background part of the action. We have followed here the calculation of the graviton anomalous dimension of [32] , but adopting a slightly different definition of the anomalous dimension. Additionally, we have explicitly calculated the matter anomalous dimensions, which also enter the gravitational beta functions. As a result of these changes, the allowed region in the (N S , N D , N V ) space is quite different from that of [41, 42] .
Our main finding is that within the Einstein-Hilbert truncation for the gravitational degrees of freedom, and with minimally coupled matter, there are upper limits on the allowed number of scalar and fermionic degrees of freedom. Increasing the number of vector fields leads to slightly weaker bounds. Focusing on models of particular interest, we find that the standard model matter content is compatible with an appropriate fixed point.
Small extensions of the SM, e.g., the inclusion of righthanded neutrinos, an axion and a scalar dark matter particle, are still compatible, but big enlargements are highly problematic. In spite of the increase in the number of gauge fields, realistic GUTs have too many scalars. Things would improve assuming that the gauge symmetry is broken dynamically, but we are not aware of detailed models of this type. The MSSM does not show a viable fixed point within our approximations. Models with a larger number of vector degrees of freedom, such as technicolor models, can accommodate a larger number of fermions and still be compatible with the existence of the fixed point.
Going to a larger number of dimensions, we find that the allowed region for the matter content shrinks, and there is no viable gravitational fixed point compatible with the standard model matter content in d = 6, while the case d = 5 is in the balance. This indicates that while the gravitational dynamics allows for a fixed point in any number of dimensions [22, 34] , matter dynamics is sensitive to the dimensionality, and tend to destroy the gravitational fixed point above d = 4. Extrapolating the trend from d=4, 5, 6, we do not expect that the standard model is compatible with a nontrivial gravitational fixed point in any number of extra dimensions. Our work thus indicates that a realistic model of asymptotically safe gravity, which includes dynamical matter, disfavors scenarios with universal extra dimensions. In the future, it could be interesting to examine this in extended truncations, and to study different models for extra dimensions. For instance, our conclusion could change if only gravity can propagate into the extra dimensions, but matter fields cannot.
We also examined the effect of matter degrees of freedom on the quantum gravity scale. In the asymptotic safety scenario this is the dynamically generated transition scale to the fixed-point regime. Physical observables will presumably exhibit a change of behavior at this scale, even though there is not strictly speaking a phase transition. We find that, fixing the IR value of the Newton coupling and the cosmological constant to small positive values and integrating toward the UV, the fixed-point scale is moved to higher values under the inclusion of matter, e.g., in the standard model case. We trace this back to the fact that for the standard model, the fixed-point coordinates are further away from the Gaußian fixed point, in the vicinity of which the RG flow towards the UV starts at low scales. Having a higher transition scale implies that effects of asymptotic safety might become more challenging to detect,
The limitations of our work should be evident. First of all, we have restricted ourselves to the cosmological and Newton coupling. This is partly justified by the fact that in extended truncations they are confirmed to be the most relevant ones. Perhaps some further support for this approximation comes from one loop calculations, where the (universal) four-derivative terms do not yield new constraints on matter, and where there exists at least one cutoff scheme where the same is true of all higher derivative terms.
Our calculations involve rather large uncertainties, so most results should be taken as broad trends rather than precise statements. The beta functions are obtained by off-shell calculations and are gauge-dependent. We have used throughout the Feynman-de Donder gauge α = 1. Regarding the "scheme"-dependence, most results have been given at one loop and with a type II cutoff on all degrees of freedom, but we have thoroughly studied also the case with a type Ia cutoff on the gravitons, and (with both cutoffs) the RG-improved flow equations. In the perturbative approximation we have found that using the type Ia cutoff leads to a restriction of the allowed region by 12 Dirac fields or 24 scalar fields. This can be taken as a typical theoretical uncertainty in this type of calculation. Having given the results for the less restrictive type II cutoff, it is likely that we have erred by allowing models that are forbidden, rather than the converse.
Detailed calculations with different schemes and/or different gauges will be necessary to sharpen the boundary of the allowed region.
Another strong limitation is the truncation on the gravitational action. Even within the context of terms with two derivatives only, due to the natural bi-metric dependence of the effective average action, there is a difference between the cosmological and Newton couplings that multiply the background field terms, and the coefficients of the terms involving powers of the fluctuation h µν . In most of the literature, the coefficients of the fluctuation terms have been treated as in the expansion of the Einstein-Hilbert action, thus identifying them with the cosmological and Newton coupling. Here we have made a first distinction between the background Newton coupling and the coefficient of the p 2 h 2 term, which we called Z h . Preliminary results indicate that the next step, where we distinguish between the background cosmological constant and a "mass" term for the graviton, do not lead to a qualitatively very different picture. We will return to this extension elsewhere. Still further extensions would correspond to reading off the strength of the gravitational fluctuation coupling from the graviton three-or four-point functions.
Perhaps most importantly, we have neglected all matter self-interactions. From [38] is is known that quantum gravity fluctuations induce momentum-dependent matter self-interactions, which couple back into the anomalous dimensions. We expect that our boundaries in the (N S , N D , N V )-space will change under a corresponding extension of the truncation, which is however much beyond the scope of the present work.
In spite of these limitations, our work clearly shows that "matter matters" in asymptotically safe quantum gravity. Asymptotic safety might not be compatible with arbitrary extensions of the Standard Model; e.g., supersymmetric extensions and higher dimensions seem to be disfavoured. This opens a new route to obtain experimental guidance in the construction of a viable model of quantum gravity: The discovery of many new fundamental matter fields at the LHC or future colliders could potentially lead to a situation that is theoretically inconsistent with asymptotic safety.
For the matter contributions to the graviton anomalous dimension, we also require the second functional derivative of Γ k with respect to the matter fields, and expanded to first order in the metric fluctuation field, where h(p) = δ µν h µν (p).
For the two tadpole diagrams with internal (external) photons and external (internal) gravitons, we require the following:
Herein the derivatives with respect to the external fields are part of the projection rule Eq. (A2) and Eq. (A3). From the fact that these vertices are at most first order in the graviton momenta, it is clear that there is no contribution to η h from the tapdole diagrams.
For the fermionic part, we will show the expansion to second order in the gravitons here, from which the expressions for the vertices can be derived straightforwardly:
We obtain the following (inverse) propagators, and also give their inverse for the case of nontrivial tensor structures:
Appendix C: Fixed-point values 
